Abstract. Leptin has been reported to be expressed in carotid atherosclerotic plaques, where it can promote lesion instability. Matrix metalloproteinases (MMPs) produced by smooth muscle cells (SMCs) are known to contribute to the weakening of atherosclerotic plaques via the degradation of extracellular matrix (ECM) proteins. The present study investigated whether leptin promotes plaque rupture by increasing the expression of MMP in SMCs in vivo and in vitro. In vivo, the neointima/media ratio and expression of MMP in the carotid artery of ob/ob mice were measured following carotid ligation and systemic administration of leptin. In vitro, the effect of leptin treatment on the expression of MMP in isolated SMCs and the underlying signaling pathways were investigated by gelatin zymography and western blot analysis. The results demonstrated that leptin treatment significantly increased the neointima/media ratio and expression of MMP-9 in the carotid artery of mice following carotid ligation. In vitro, leptin also significantly increased the expression and activity of MMP-9 in cultured SMCs in a dose-dependent manner. Leptin also increased the production of MMP-9 by activating leptin receptor and mitogen-activated protein kinases, including extracellular signal-regulated kinase (ERK) and c-Jun N-terminal kinase (JNK), which in turn enhanced the binding of the transcription factor activator protein-1 (AP-1) to the MMP-9 promoter. The inhibition of leptin-activated phosphorylation of ERK and JNK suppressed the leptin-stimulated expression of AP-1 and MMP-9. Leptin treatment induced the expression of MMP-9 in SMCs, suggesting that leptin may have substantial involvement in plaque rupture by promoting the degradation of ECM.
Introduction
Atherosclerotic plaque rupture or erosion is the main cause of arterial thrombosis, which leads to a setting of acute ischemic cardiovascular disease, i.e., acute coronary syndrome (ACS) (1) . The complex mechanisms involved in lesion progression and instability include the recruitment and activation of monocytes, macrophages and other inflammatory cells, neovascularization from the vasa vasorum, perivascular inflammation, and importantly, the synthesis of proatherogenic cytokines, including tissue factor, which renders the lesion more thrombogenic, and proteolytic enzymes, including matrix metalloproteinase (MMP)-2 and -9 (2) . MMPs can promote dispersion of the fibrous lesion via the degradation of extracellular matrix (ECM) proteins, including collagens, proteoglycans, fibronectin and elastin. Multiple enzymes have been shown to be overexpressed in the shoulder regions of atherosclerotic plaques and to contribute to plaque destabilization, particularly by degrading the fibrous cap (3) . Vascular smooth muscle cells (VSMCs) are the major cellular component of the vessel wall and are key in vascular function. Plaque stability largely depends on VSMC function, as these cells have a high capacity to secrete MMPs, which regulate the balance between ECM synthesis and degradation (4) (5) (6) (7) (8) .
Adipose tissue, as an endocrine organ that produces and secretes bioactive adipokines with pro-and anti-inflammatory properties, can contribute to the inflammatory activation in acute coronary syndrome (9) . The increased expression and secretion of resistin in epicardial adipose tissue of patients is associated with ACS (10) . Leptin is an adipocyte-derived hormone, which was identified in 1994, and its main function is to reflect the body's fat stores and act in maintaining energy homeostasis. The expression of leptin is also an established independent cardiovascular risk factor, which is important in associated diseases, including coronary atherosclerosis (11) (12) (13) (14) .
In neurologically symptomatic patients, leptin has been reported to be locally synthesized in carotid atherosclerotic Leptin upregulates smooth muscle cell expression of MMP-9 to promote plaque destabilization by activating AP-1 via the leptin receptor/MAPK/ERK signaling pathways plaques where it can promote lesion instability by increasing the expression of MMPs (15) . In addition, treatment with leptin promotes the progression of abdominal aortic aneurysm in Apo-E mice by increasing the expression of MMP-9 and -12, thereby stimulating medial degeneration (16) . It is known that MMPs in plaques are primarily expressed by macrophages and SMCs, and it has been demonstrated that leptin can promote SMC proliferation and migration (17) (18) (19) (20) . However, whether leptin can stimulate the expression of MMP in SMCs to accelerate plaque destabilization had not been determined. The present study hypothesized that leptin upregulates the expression of MMP in VSMCs to promote plaque destabilization. To confirm this hypothesis, the effect of leptin on the expression of MMP in VSMCs was examined in vivo and in vitro, and the relevant signaling pathways and molecular mechanisms were identified.
Materials and methods
Animal experiments. C57BL/6 and ob/ob mice (leptin deficiency, C57BL/6 background) were purchased from Nanjing Biomedical Research Institute of Nanjing University (Nanjing, China). The ob/ob mouse strain is a mutant mouse, which eats excessively due to mutations in the leptin gene (leptin deficiency Gelatin zymography for arterial tissue. Zymographic analysis was performed in all the animals sacrificed at 4 weeks. The vessels were excised, washed with Hanks' buffer (Applygen Technologies, Inc., Beijing, China) and rapidly frozen in liquid nitrogen, prior to pulverization using a mortar and pestle. The powders were resuspended in ice-cold lysis buffer, containing 3M NaCl, 1M Tris-HCl (pH 7.4), 0.5M EDTA, 100 mM PMSF and 10% Triton X-100 in ddH 2 O, at a ratio of 0.3 ml/10 mg wet weight. Samples were lysed on ice for 30 min and centrifuged for 25 min (12,000 x g, 4˚C). Supernatants were retained and protein concentrations were measured using a bicinchoninic acid assay. Protein sample loading was consistently adjusted to protein concentration. The protein samples (80 µg) were mixed in a SDS-PAGE 2X loading buffer [4% SDS, 100 nM Tris-Cl (pH 6.8), 20% glycerol and 0.02% bromophenol blue] and applied to an 8% SDS-PAGE gel containing 1 mg/ml gelatin. The gels were subjected to low current constant current electrophoresis, rinsed twice for 30 min with buffer at room temperature and then incubated for 1-5 h at 37˚C. Following staining with Coomassie brilliant blue, gray-scale analysis of gel images was performed using ImageJ 1.48 software (National Institutes of Health).
Cell culture and treatment with inhibitor and blocking antibody. To determine whether leptin induces the expression of MMP in VSMCs via the mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinase (ERK)/activator protein-1 (AP-1) pathway, primary VSMCs were isolated by enzymatic digestion of the thoracic aortic media from C57BL/6 male mice (average weight 22 g, 7-8 weeks old). The isolated cells were cultured at 37˚C in a 5% CO 2 humidified atmosphere. The VSMCs were identified by immunofluorescence staining. Early passage VSMCs at 90% confluence were exposed to serum starvation for 24 h in high-glucose Dulbecco's modified Eagle's medium (DMEM HG; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA). Cells (1x10 6 ) were treated with leptin (1 µg/ml) or leptin (1 µg/ml) plus inhibitors (or blocking antibodies) for 24 h in 37˚C, including ERK kinase (MEK)1/2 inhibitor (U0126; 10 µM), c-Jun N-terminal kinase (JNK) inhibitor (sp600125; #8177; 10 µM) all from Cell Signaling Technology, Inc. (Danvers, MA, USA). SMC basal medium served as a control treatment. The effective and safe doses of the inhibitors or blocking antibodies were determined by preliminary experiments. The conditioned medium was collected.
Small interfering RNA (siRNA).
The following siRNAs were purchased from Invitrogen; Thermo Fisher Scientific, Inc. (Waltham, MA, USA): Leptin receptor siRNA-1, 5'-ACU CCG AAA CUG GUC CAU GAU CUG C-3' and leptin receptor siRNA-2, 5'-AUA UCC UGG UAA ACG AUC UCA GUU A-3'. Negative control siRNA (stealth RNA; negative control; cat. no. 12935-200) was also obtained from Invitrogen; Thermo Fisher Scientific, Inc. The VSMCs were cultured in DMEM containing 25 mM glucose and 10% (v/v) heat-inactivated fetal calf serum (Gibco; Thermo Fisher Scientific, Inc.) at 37˚C in a 5% CO 2 humidified atmosphere. To knock down the expression of leptin receptor in VSMCs, the VMSCs were transfected with the pcPURm6i35 shRNA expression vector (Invitrogen; Thermo Fisher Scientific, Inc.) containing the target sequence for mouse leptin receptor by reverse transfection using Lipofectamine 2000 reagent (Invitrogen; Thermo Fisher Scientific, Inc.).
Luciferase reporter assay. VSMCs were co-transfected with luciferase reporter gene (AP-1) constructs and β-galactosidase using Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) for 24 h according to the manufacturer's protocol and cells were treated with 1 µg/ml leptin for 24 h at 37˚C, with or without 1 h of pretreatment with inhibitors. Luciferase activity was determined using a luciferase assay kit (Promega, Madison, WI, USA).
Reverse transcription-quantitative polymerase chain reaction analysis (RT-qPCR).
Cell RNA was extracted using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.). cDNA was synthesized using the PrimeScript RT Reagent kit for 15 min at 42˚C (Takara Bio, Inc., Shiga, Japan). cDNA template (50 ng) was amplified using SYBER Premix Ex Taq™ II (Takara Bio, Inc.) according to the manufacturer's instructions. The primer sequences were as follows: MMP-9, antisense, 5'-GCT GAC TAC GAT AAG GAC GGC-3' and sense, 5'-AGG AAG ACG AAG GGG AAG ACG-3'; leptin receptor, antisense, 5'-ACC TGG CAT ATC CAA TCT CTC C-3' and sense, 5'-TTC AAA GCC GAG GCA TTG TTT-3'; and β-actin, forward, 5'-ATG GGT CAG AAG GAC TCC TAC G-3' and reverse, 5'-AGT GGT ACG ACC AGA GGC ATA C-3'. The mRNA expression of β-actin was used as a control. qPCR was performed using the following conditions: 95˚C for 60 sec, followed by 35 cycles of 60˚C for 30 sec and 72˚C for 100 sec. Each sample was replicated at least three times. Relative quantification was determined using the 2 −ΔΔCq method with β-actin as reference gene (21) .
Western blot analysis. Cells were rinsed with ice-cold PBS and proteins were extracted with lysis buffer (Thermo Fisher Scientific, Inc.) for 30 min on ice. The extracts were centrifuged (13,400 x g; 4˚C; 20 min) and the supernatants were obtained. Protein concentrations were determined using the DC protein assay (Bio-Rad Laboratories, Inc., Hercules, CA, USA) and proteins (40 µg) were subjected to electrophoresis on a 10% SDS-PAGE gel (Bio-Rad Laboratories, Inc.). The proteins were then transferred onto polyvinylidene difluoride membranes (Immobilon-P; EMD Millipore, Billerica, MA, USA). The membranes were blocked in PBS with Tween 20 (PBST, pH 7.4) containing 5% bovine serum albumin and were probed with antibodies targeting phosphorylated (p-)ERK (AF1018; 0.1 µg/ml); ERK (MAB15761; 1 µg/ml; F1018); p-JNK (AF1205; 0.5 µg/ml); JNK (MAB1387; 0.2 µg/ml); leptin receptor (AF497; 0.1 µg/ml); MMP-2 (AF1488; 0.1 µg/ml); and MMP-9 (AF909; 0.25 µg/ml; all R&D Systems, Inc., Minneapolis, MN, USA) for 18 h at 4˚C. The membranes were washed and incubated for 1 h at room temperature with horseradish peroxidase-conjugated secondary antibody (1:5,000; BM2002; Wuhan Boster Biological Technology, Ltd., Wuhan, China). Immunoreactive bands were visualized using enhanced chemiluminescence reagent (EMD Millipore) and the optical density of bands was measured using ImageJ 1.42 (National Institutes of Health).
Statistical analysis. All in vitro experiments were performed in triplicate. One-way analysis of variance and Student's t-tests were used with SPSS software 16.0 (SPSS, Inc., Chicago, IL, USA). The statistical significance of the differences among multiple groups was tested using one-way analysis of variance and pairwise comparisons were performed using Tukey's post hoc analysis. Error bars indicate the standard error of the mean. P<0.05 was considered to indicate a statistically significant difference.
Results

Leptin treatment significantly increases the neointima/media ratio and expression of MMP-9 in the carotid artery of ob/ob mice following carotid ligation.
The mean body weight of the ob/ob mice at the beginning of the study was 56.5±4.5 g and after 4 weeks, the mean body weights of leptin-treated mice were lower compared with the untreated animals (50.5±5.2 vs. 57.1±4.8 g; P<0.05). When the ob/ob mice reached a certain weight (55-60 g), the body weight gain slowed in control group and leptin-treated group (56.5±4.5 vs. 57.1±4.8 g; data not shown) (22) . The body weight of the mice was also affected by invasive carotid ligation surgery. The neointima/media ratio in the carotid artery following carotid ligation of the ob/ob mice was lower compared with the WT mice (1.67 vs. 10.78, P<0.05), but was significantly higher in the ob/ob mice treated with leptin (8.76 vs. 1.67, P<0.05; Fig. 1A-E) . Gelatin zymography also showed that the activity of MMP-9 in the injured carotid artery was significantly higher in the leptin-treated group compared with that in the other groups (P<0.05; Fig. 1F and G) .
Leptin upregulates the expression and activity of MMP-9 in
SMCs. The present study examined the levels of MMPs in SMCs following leptin treatment. Leptin treatment significantly increased the protein levels of MMP-9 in a dose-dependent manner; however, it did not affect the protein expression of MMP-2 ( Fig. 2A-C) . Furthermore, using gelatin zymography, it was found that leptin treated induced MMP-9 proteolytic activity in the supernatant of SMCs in a dose-dependent manner ( Fig. 2D and E) . Together, these findings suggested that leptin upregulated the expression and activity of MMP-9 in SMCs.
Leptin upregulates the expression of MMP-9 by activating AP-1 via the MAPK/ERK/JNK signaling pathways in SMCs.
It was observed that leptin treatment markedly induced cytoplasmic ERK and JNK phosphorylation in the SMCs in a time-dependent manner, and it was found that treatment of the cells with leptin in addition to pharmacological inhibitors of the MAPK/ERK pathway (U0126) or JNK (SP600125) abrogated the leptin-mediated effects on the expression of MMP-9 ( Fig. 3A and B) .
AP-1 is known to be a major transcription factor that regulates the expression of MMP-9. Therefore, to understand the possible mechanisms involved in the leptin-mediated upregulation of MMP-9, the present study determined whether AP-1 was activated by leptin using a Luciferase reporter assay. Leptin significantly increased the transcriptional activity of AP-1 in a time-dependent manner, whereas pharmacological inhibitors of the MAPK/ERK pathway (U0126) or JNK (SP600125) inhibited the transcriptional activity of AP-1 by ~90% in the absence of leptin stimulation ( Fig. 3C and D) .
Leptin receptor mediated leptin-induced expression of MMP-9 in SMCs.
To elucidate how leptin acts on SMCs, further experiments were performed to identify the receptor that leptin binds to on SMCs. Following systemic leptin treatment, the carotid artery of ob/ob mice showed significantly increased leptin receptor expression via western blot analysis (Fig. 4A) . In addition, the results of RT-qPCR analysis and agarose gel electrophoresis indicated that the leptin receptor was expressed by SMCs (Fig. 4B) . Finally, the siRNA-mediated knockdown of leptin receptor abrogated the effect of leptin treatment (Fig. 4C and D) .
Discussion
The secretory functions of SMCs and macrophages are crucial in intimal hyperplasia and plaque lesion instability (23) . The MMP family of proteases, also known as the metzincin superfamily, are important in tissue remodeling through degrading denatured collagens, gelatins and various ECM components in different tissues. MMPs are mainly produced by macrophages and SMCs in atherosclerotic plaques (3) (4) (5) . MMP-2 and -9 belong to a sub-group of gelatinases, which share similar proteolytic activity and are involved in atherosclerotic plaque rupture (24, 25) . Soluble cytokines and cell-cell interactions have been shown to upregulate the level and bioactivity of MMPs in cells present in the normal and diseased blood vessel wall. The activation of MMP in response to inflammatory molecules, including interleukin (IL)-1, IL-4 and tumor necrosis factor-α (TNF-α), may contribute to pathological matrix destruction and plaque rupture (6) .
Leptin is an important endocrine factor, which affects cholesterol synthesis (26) , but it may also act as an inflammatory factor, and plasma leptin concentrations have been found to be increased in patients with ACS, and the expression of leptin is high in vulnerable plaques (27) . However, whether the expression of leptin is simply an accompanying phenomenon or a pathogenic factor in atherosclerotic plaque rupture remains to be elucidated. A previous study suggested that leptin is involved in matrix remodeling by promoting the expression of MMPs and tissue inhibitor of MMPs in vascular endothelial cells (28) . In the present study, in vivo leptin treatment significantly induced the expression and activity of MMP-9 in the carotid artery following ligation in ob/ob mice. In vitro, leptin upregulated the expression and activity of MMP-9, but not MMP-2, in SMCs. This indicated that leptin may have a substantial effect on plaque rupture by inducing the SMC production of MMP-9, which promotes degradation of the ECM.
Studies have demonstrated that the transcription factor AP-1 is a key transcriptional regulator responsible for the induction of MMP-9 in various types of cells (29) . In the present study, it was found that leptin significantly induced the phosphorylation of ERK1/2 and JNK in SMCs. Furthermore, the results demonstrated that ERK1/2 and JNK were indispensable for AP-1-mediated expression of MMP-9 in leptin-treated SMCs. Therefore, in the present study, it was found that leptin induced the activation of AP-1 through the activity of ERK1/2 and JNK, which then facilitated AP-1 binding to promoter regions of the MMP-9 gene to promote the transcription of MMP-9.
Leptin and its receptor are expressed in SMCs (17, 18) . Leptin receptor expression is elevated in carotid plaques relative to unstable plaques, and thus, may be involved in intimal neovascularization (30, 31) . In the present study, leptin receptor was expressed at a high level in the mice aorta and then, following leptin treatment, a statistically significant change in the mRNA expression of aortic leptin receptor was observed in comparison with that in the control group. These results suggested that the leptin receptor served as the major receptor of leptin on SMCs and may be a novel therapeutic target for preventing leptin-induced plaque rupture.
In terms of limitations, whether the leptin receptor mediates the leptin-induced expression of MMP-9 in db/db mice in vivo requires verification; however, similar published studies have shown that leptin is involved via combining leptin receptors in db/db mice (32, 33) . The present study focused on leptin stimulation of the secretion of MMP-9 in SMCs to promote plaque instability, and further examination is to be continued in future investigations.
In conclusion, the results of the present study showed that leptin significantly increased neointima hyperplasia and the expression of MMP-9 in the mouse carotid artery following carotid ligation. Leptin also significantly stimulated the expression of MMP-9, mainly by activating AP-1 via the leptin receptor/MAPK/ERK signal transduction pathways. These findings provide novel evidence that leptin may have a substantial effect on plaque rupture by promoting ECM degradation via the upregulation of MMP-9.
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